INTRODUCTION
Acute viral infections of the respiratory tract are responsible for a substantial share of human disease worldwide. Medical interventions against viral respiratory tract disease include vaccination, treatment with antiviral drugs, and treatment of disease symptoms. Vaccine development has been hampered by antigenic variation among virus strains, lack of effective or long-lasting immune responses, and, in some cases, vaccineinduced immunopotentiation of disease. Few antiviral drugs are available for respiratory tract infections, in part because the mild nature of most infections does not warrant the risk of side effects. Only one drug (amantadine and the related drug rimantadine) is licensed for prophylaxis (of influenza). Antiviral drugs have limited activity against more serious disease (61, 97) .
Passive immunization with antibody represents an additional, less frequently considered option that combines beneficial elements of vaccination and drug treatment. Passive immunization can be used for prophylaxis or therapy, its duration of action can be longer than that of drugs, it is effective immediately, and it has few side effects. The use of passive parenteral immunization against viral and bacterial infections in humans began more than a century ago but became less important following the discovery of antibiotics and the development of new vaccines (34, 35, 61) . Originally, serum from immunized animals was used for treatment, and both hypersensitivity reactions against and increased clearance of the foreign antibody were considerable problems. More recently, preparations of purified human immunoglobulin G (IgG), which are minimally immunogenic in humans, have become available for passive parenteral immunization (35) . Human monoclonal antibodies or murine monoclonal antibodies, which can be humanized to reduce immunogenicity, may be used to provide a high level of neutralizing activity with narrow specificity.
Today, passive parenteral immunization with human bloodderived antibodies is in widespread use for prophylaxis and therapy of infectious diseases with known and unknown causes, including hepatitis A and B, rabies, tick-borne encephalitis, varicella, respiratory syncytial virus (RSV) infection, and Kawasaki syndrome (34, 35, 65) . The first monoclonal antibody for prophylaxis of an infectious disease (RSV infection) was licensed in 1998. Antibody may be most effective against viral infections when given prophylactically rather than therapeutically. Nevertheless, as discussed below, therapeutic antibody treatment may have benefits in selected infections.
The effectiveness of antibody delivery to mucosal surfaces, including the respiratory tract, is under investigation. This strategy may be most useful for treatment of the upper airways, where secretory antibody is most important for protection against viral infection. In this article, we discuss the role of antibody in respiratory tract immunity and review the results of studies testing the antiviral activity of passive intranasal immunization with antibody in humans and animals.
ANTIBODY AS A MEDIATOR OF RESPIRATORY TRACT IMMUNITY

Roles of Immunoglobulins G and A in Antiviral Immunity
Antibody in mucosal secretions is thought to have two major activities against viral pathogens: (i) immune exclusion, which prevents virus from reaching host target cells, and (ii) direct neutralization of viral infectivity (Fig. 1) . Immune exclusion is a hypothetical barrier to infection that combines the activities of antibody and the mucus blanket that covers the epithelium of the respiratory tract (12, 63) . Mucus provides a physical barrier that restricts access of the virus to epithelial cells. Antibody cross-links and agglutinates virus particles, further reducing their ability to penetrate mucus. Once trapped in mucus, virus particles are cleared from the respiratory tract as ciliary activity moves the mucus to the nasopharynx (18, 84) . Immune exclusion is thought to be most important for preventing virus from establishing an infection, but it could also help prevent the spread of infection within the respiratory tract via secretions. The extent to which immune exclusion is active against viral infection is not known, but lack of ciliary activity is associated with severe and chronic respiratory tract infections, suggesting the importance of the mucous barrier (76) .
Neutralization occurs when binding of antibody to virus particles prevents them from infecting target cells, either by preventing the interaction of ligands on the viral surface with cell receptors or by impeding internalization or uncoating intracellularly. Virus neutralization is defined in vitro, using cultured cells, but the process is probably critical to the protective activity of antibody in vivo. Neutralizing antibody can limit the initial viral infection but can also be important for elimination of an established infection. Once cells are infected, other mediators of immunity, including innate immunity, specific antibody in serosal fluids, antibody-dependent cellular cytotoxicity, and cytolytic T cells, can also become involved in clearance. Infection can also result in loss of integrity of the epithelial barrier, allowing lymphocytes and systemic antibody to reach the mucosal surface.
In the upper airways, IgA is the major antibody isotype found in secretions (53, 92) . The presence of secretory antibody correlates with resistance against a number of respiratory viruses, including parainfluenza virus type 1 (96) , influenza virus (51) , and RSV (62, 68, 110) . IgA is produced in monomeric and polymeric forms, with the principal form being dimeric (63, 113) . IgA polymers bind to specific basolateral receptors on epithelial cells and are endocytosed, transported to the apical cell surface, and released into mucosal secretions (14, 66, 98) . Transported IgA remains associated with a portion of the cellular receptor, termed the secretory component, that protects the IgA molecule against proteolytic cleavage (15, 106) . This transport process appears to be the principal mechanism by which antibody reaches upper-airway secretions (13) . In lower-respiratory-tract secretions, IgA and IgG are both present in high concentrations. Antibody probably reaches these secretions in large part by diffusion between cells or through breaks in the epithelium (7).
As described below, a series of animal studies involving passive mucosal immunization have demonstrated that antibody in respiratory tract secretions can prevent, diminish, or cure viral infections. Despite the high prevalence of IgA in natural secretions, IgG antibody was used in most of these studies because it is more readily available. This raises the issue of whether IgA is superior to IgG for respiratory tract protection. IgA has a number of theoretical advantages. Being polymeric, IgA is better at agglutinating antigens than are monomeric antibodies such as IgG, which may facilitate immune exclusion (72) . IgA is also less likely to participate in inflammatory processes, since it does not fix complement efficiently (67, 105) . Finally, IgA may have a longer duration of activity as a result of secretory component-mediated protection against proteolysis.
Studies have suggested that the mechanisms of virus neutralization by IgG and IgA may be different in some cases. In FIG. 1. Potential mechanisms of protection against viral infection of the respiratory tract mucosa. Following inoculation, virus particles encounter neutralizing antibody (step 1), which reaches the mucosal surface naturally by transepithelial transport (mostly polymeric IgA) or transudation (mostly IgG) or artificially by nose drop, spray, or aerosol delivery. Immune exclusion (step 2) occurs when virus particles are cross-linked by antibody, trapped in mucus, and removed by mucociliary movement. Antibody can diffuse through mucus to neutralize progeny virus and virus particles that pass through the mucus blanket. Virus neutralization may occur intracellularly during transepithelial transport of polymeric IgA (step 3). At the basolateral surface of infected epithelial cells, specific IgG may bind to virus-encoded membrane proteins, allowing cell lysis by complement or antibody-dependent cytolytic cells (step 4). Virus-infected cells may also be lysed by specific cytolytic T lymphocytes. Cell lysis may allow additional movement of immune system mediators across the epithelium in both directions.
vitro, polymeric IgA and IgM were found to interfere with early stages of influenza virus infection, preventing binding and penetration of target cells (73, 103) . IgG and monomeric IgA (produced by reduction of secretory IgA) interfered with later stages of virus replication (103) . An in vivo study, on the other hand, showed equivalent activities of monoclonal IgG and IgA antibodies in protection of the lower respiratory tract of mice against Sendai virus infection (58). The relative efficacy of IgG and IgA in the upper airways has not been addressed experimentally.
An additional feature of IgA is its ability to neutralize virus intracellularly while it is undergoing transepithelial transport. Intracellular neutralization of Sendai and influenza viruses by polymeric IgA has been demonstrated in vitro in experiments with polarized monolayers of epithelial cells (56, 57) . Intraepithelial neutralization in mice was suggested by a study in which parenteral but not mucosal delivery of specific IgA protected the animals against rotavirus challenge (16) .
Induction of Immunity in Respiratory Tract
Lymphoid Tissue Traditional vaccines and DNA vaccines are usually delivered parenterally to stimulate circulating antibody responses and cell-mediated immunity. More recently, the importance of secretory immunity has been recognized, along with the realization that mucosal responses are elicited most strongly when antigen is delivered to a mucosal surface (60) . The oral, nasal, rectal, and vaginal routes of antigen delivery are effective in inducing mucosal and in many cases systemic immune responses. Nasal delivery has been found to be particularly effective for induction of mucosal and systemic immunity (42, 107, 112) .
The understanding of mucosal immunity has evolved largely through studies of the intestinal tract, but similar processes appear to be present at most mucosal sites. Induction of mucosal immunity begins when antigen contacts lymphoid cells in or below the epithelium (55) . This can occur when viruses infect and kill epithelial cells, but antigen can also cross intact epithelia via specialized antigen-transporting epithelial cells, termed M cells (71) . In the gut, M cells are associated with lymphoid follicles in the small intestine, colon, and rectum (9, 50, 74) ; similar cells are found overlying lymphoid follicles in the respiratory tract (8, 49) . Antigen that crosses the epithelium is processed in mucosal lymphoid tissue, eventually leading to production of activated B lymphoblasts, which take up residence at mucosal sites and differentiate into IgA-secreting plasma cells (60) . It appears that most polymeric IgA transported into secretions is produced locally by subepithelial plasma cells (63) .
In the lower respiratory tract, lymphoid follicles are found at sites of airway bifurcation (8) . In the human nasopharynx, lymphoid follicles are found in organized structures such as the tonsils and adenoids (49) . Rodents do not have tonsils or similar structures but instead have lymphoid tissue collected under the epithelium at the back of the nasal passages (49, 99) . While antigen transport at these sites is believed to lead to secretory immune responses, a significant amount of soluble antigen can cross the nasal epithelium at other sites, leading to systemic immunity or tolerance (49) .
Active versus Passive Intranasal Immunization
To Prevent Human Viral Diseases Ideally, a vaccine will provide cost-effective long-term protection, but this is often an elusive goal for a number of reasons. Many vaccines are poorly immunogenic or stimulate immunity with a short duration of activity. In some cases, a strong but inappropriate immune response is elicited, which can be ineffective or harmful, as was found with formalin-inactivated RSV (46, 47) and measles (70) vaccines. Even if effective for the general population, vaccines can elicit poor responses in the very young, the elderly, or immunosuppressed individuals. When effective vaccination is not possible, passive immunization may be a practical alternative, particularly when the period of virus exposure is known or the populations at greatest risk of disease can be identified.
Traditionally, serum from immunized horses or other animals has been used for parenteral passive immunization (48) . These high-titer preparations are effective but elicit an immune response that does not allow them to be used repeatedly or for a long duration. This problem has been partially addressed by the use of F(abЈ) 2 fragments of equine globulin, eliminating the Fc region, which is responsible for immunecomplex formation. Commercially available preparations of IgG purified from pooled human plasma have been available for over 50 years. Formulations without IgG aggregates (called intravenous immune globulin [IVIG] ), which are designed for intravenous use, were introduced more recently (35) . IVIG preparations have significant levels of antibody against common human pathogens and can be used to treat a variety of specific infectious diseases as well as diseases of unknown etiology. While IVIG is broadly reactive, the level of antibody against any particular species or strain of pathogen may be too low to be effective. Greater activity can be achieved by screening plasma donors to increase the titer of antibody in plasma pools or, potentially, by immunizing plasma donors.
The highest specific activity against a pathogen is provided by monoclonal antibodies, but reactivity across serotypes or antigenic variants might be limited. Therefore, it may be necessary to use a mixture of several different monoclonal antibodies to protect against a significant number of virus strains. Unlike plasma-derived antibodies, the structure of monoclonal antibodies can be altered through genetic engineering techniques. Recent advances allow humanization of mouse monoclonal antibodies, selection of active human antibody fragments from combinatorial libraries, construction of novel antibody fragments, and selection of antibody isotype (10) .
Immunoprophylaxis of the respiratory tract can be achieved by either parenteral or mucosal delivery of antibody. Parenteral delivery has the advantage of providing relatively longlasting immunity. Mucosal delivery provides shorter-term protection but has several advantages. For treatment of the upper airways, antibody can be delivered by nose drops or spray, methods that can be performed in the home and require modest amounts of antibody. Delivery of antibody into the lungs is possible with small-particle aerosol generators, which have become simpler to use in recent years. Safety concerns are fewer with mucosally delivered antibody, since the respiratory tract mucosa is regularly exposed to foreign material. Immunity against nonhuman antibody will develop after long-term use, but problems associated with parenteral treatment, such as serum sickness, would not be expected. With mucosal delivery, viral contamination of blood products may be of less concern and other risks associated with parenteral delivery, such as fluid overload, are eliminated. Finally, antibody present on mucosal surfaces is more likely to encounter virus at an early stage of infection and, in some cases, could prevent the initiation of infection. The duration of protection following passive mucosal immunization has yet to be firmly established, but a nose drop or aerosol dose of antibody probably remains active for longer than 24 h (as shown by studies described below).
Treatment of Established Infections
There are few options available for treatment of viral infections once symptoms of the disease have manifested themselves. Ribavirin and amantadine (or rimantadine) have limited activities against RSV infection and influenza, respectively (97) . Passive antibody immunization is a potentially attractive alternative to antiviral drugs for therapy. Animal studies show that parenteral or mucosal delivery of antibody can suppress viral replication, but it is not clear whether this would be sufficient to cause a significant reduction in disease once infection is well established. As described below, a combination of passive immunization and treatment with an anti-inflammatory agent may be a useful approach to immunotherapy.
PASSIVE NASAL IMMUNIZATION STUDIES WITH ANIMAL MODELS OF VIRAL INFECTION Influenza Virus
Animal models of infection have allowed testing of nasally delivered antibody for protection of the respiratory tract against a variety of viruses (Table 1) . One of the first to be tested was influenza virus. In humans, influenza virus is transmitted primarily in aerosols generated by coughing or sneezing (69) . The virus remains viable in aerosol particles that are small enough (less than 5 m) to be inhaled into the smaller airways of the lungs. As a result, infection is initiated throughout the entire respiratory tract. Although the currently licensed vaccines for influenza virus are parenterally delivered, it has become clear in recent years that secretory antibody plays a major role in protection against infection (86) . Furthermore, secretory IgA cross-protects against heterologous antigenic drift viruses better than circulating IgG does (51) .
In mice, human gamma globulin delivered intranasally before or after influenza virus challenge protects against lethal infection (2) . Intranasal treatment is very efficient, requiring an antibody dose of 50 mg/kg for protection, while parenteral delivery requires 2,000 to 3,000 mg/kg for a similar effect (3) . Liposome encapsulation of antibody enhances its efficacy (115) . F(abЈ) 2 fragments of human IgG are as protective as intact antibody when delivered intranasally, showing that complement fixation or other Fc region-dependent processes are not required for activity (85) . The protective capacity of secretory IgA isolated from respiratory tract washings of influenza virus hemagglutinin-immunized mice has also been assessed (101) . Intranasal delivery of 600 ng of IgA 3 h before viral challenge provides almost complete protection against pulmonary infection with the influenza virus strain bearing the hemagglutinin used for immunization and partial protection against viruses with a hemagglutinin from an antigenic drift strain.
Monoclonal antibodies to influenza virus have been used to demonstrate the protective effect of secretory antibody in the upper respiratory tract. Renegar and Small (87) compared the protective effects of monomeric IgA, polymeric IgA, and IgG monoclonal antibodies against influenza virus hemagglutinin. The antibodies were delivered parenterally in that study, but polymeric IgA appeared in nasal secretions subsequently, presumably as a result of transepithelial transport. In contrast, little IgG or monomeric IgA could be detected in nasal secretions following parenteral delivery. When the mice were challenged with influenza virus 4 h after injection of the antibody, polymeric IgA was much more protective than IgG against upper respiratory tract infection. Replication of virus in the lower respiratory tract, where IgG might have been more active, was not examined.
Sendai Virus
Sendai virus (mouse parainfluenza virus type 1) is a paramyxovirus that is indigenous to mice. In humans, parainfluenza virus type 1 infection is confined largely to the nose and throat, but in mice, Sendai virus infects the lower respiratory tract if delivered into the lungs via the nasal route. Mazanec et al. (59) tested whether intranasally delivered monoclonal IgA antibodies protect mice against Sendai virus challenge. A panel of monoclonal IgA antibodies was produced by orally immunizing mice with Sendai virus plus cholera toxin adjuvant and fusing immune spleen cells with myeloma cells. Ascitic fluids containing two neutralizing antibodies were pooled for testing in mice, and a nonspecific monoclonal IgA myeloma antibody was used as a control. Antibody (50 l given once or twice) was delivered via the intranasal route to the lungs of mice, which were challenged by the same route with Sendai virus 30 min to 24 h later. An additional dose of antibody was delivered 4 or 48 h after the challenge. Titer determination of virus in lung tissue homogenates 3 days after challenge showed a reduction in virus replication in specific antibody-treated mice compared to controls. In a subsequent study, the same group studied the importance of antibody isotype and polymeric form (58) . Passive intranasal immunizations with IgG1, IgG2a, IgG2b, and IgA monoclonal antibodies, as well as monomeric and polymeric fractions of monoclonal IgA, were compared in mice. Hybridoma ascitic fluid was diluted to contain equivalent anti-Sendai virus activity, as determined by an enzyme-linked immunosorbent assay, rather than equivalent antibody concentration. When antibody was delivered intranasally to anesthetized mice 1 h before and 4 and 24 h after intranasal challenge with Sendai virus, no significant differences were found between the protective activities of IgA and IgG, nor was there any difference between monomeric and polymeric IgA. Virus replication was assessed in the lungs but not in the upper airways. Taken together, the results of these studies with influenza and parainfluenza viruses suggest that the antibody isotype may not be critical to the efficacy of topically administered antibodies but that IgA is the principal mediator of mucosal defense after active immunization.
Respiratory Syncytial Virus
RSV, another paramyxovirus, is the major cause of lower respiratory tract disease in human infants and young children worldwide (20, 75) . Outbreaks of RSV occur each year during the winter months, causing mild upper airway disease in most healthy children and adults. In about 40% of children experiencing their first RSV infection, however, the virus spreads to the lower respiratory tract, causing bronchiolitis or pneumonia, and approximately 1% of these cases result in hospitalization (64) . In the United States, RSV infection results in the hospitalization of 91,000 children per year (38) . At highest risk of lower respiratory disease are infants with certain underlying conditions such as premature birth, bronchopulmonary dysplasia, or congenital heart disease (20, 64) . Also at high risk are the elderly and people with deficient immunity (1, 26) .
It has been over 40 years since RSV was identified as a human pathogen, yet there is still no licensed vaccine against it. One reason for this is the generally poor human immune response to RSV. Adult volunteers, for instance, could be reinfected with RSV as soon as 2 months after a previous infection (33) . Another barrier to vaccine development is the potential for vaccine-enhanced illness. When a formalin-inactivated vaccine against RSV was tested during the 1960s, vaccine recipients suffered more severe disease during the following RSV season than those who received a placebo (46, 47) . The reason for this is not yet completely understood, but in mice, immunization with formalin-inactivated RSV preferentially stimulates the Th2 subclass of helper T cells, which leads to greater inflammatory responses in the lungs upon infection with RSV (4, 23, 30, 109) .
RSV replicates in respiratory tract tissues of a number of animal species, which has allowed the testing of a variety of passive-immunization strategies. In mice and cotton rats, RSV replicates in the upper and lower airways when the inoculum is delivered intranasally and the animals are anesthetized to allow aspiration of the fluid into the lungs. Passive parenteral immunization with antibody to RSV reduces virus replication in both nasal and pulmonary tissues, although higher doses of antibody are required to protect the nose (80) (81) (82) 93) . Protection has been demonstrated in mice and cotton rats with transfer of a variety of antibody types, including cotton rat immune serum antibody, monoclonal antibodies to either of the two RSV major surface glycoproteins, and IVIG (25, 29, 45, 80, 81, 102, 104, 108) . Although standard IVIG products contain sufficient antibody to RSV to protect animals against infection, a high-titer product (RSVIG), purified from the plasma of selected donors, has been developed for passive immunization of high-risk human infants (39, 95) . Parenterally delivered RSVIG is highly protective in cotton rat and mouse models of RSV infection (29, 94) . In human trials, monthly intravenous infusion of large doses of RSVIG (750 mg/kg) resulted in a significant reduction in hospitalization (41%) and reduced morbidity in premature infants or those with bronchopulmonary dysplasia (32, 77) . RSVIG is marketed by MedImmune, Inc., in the United States and Canada under the name RespiGam.
RSV causes an exclusively mucosal infection. The virus infects the host via the mucosal surface, and replication is confined largely to the epithelial cells (20) . In tissue culture, RSV particles bud from the apical membranes of polarized cells, suggesting that viral progeny are shed into secretions in vivo (89) . For these reasons, the protective effect of mucosally delivered antibody has been studied. Intranasal (or topical) antibody delivery was first tested in a cotton rat model of RSV infection (78) . Cotton rats were anesthetized and treated intranasally with IVIG at 100 mg/kg. Anesthesia was used to ensure that antibody was delivered into the lungs. One or more days after IVIG treatment, the cotton rats were challenged intranasally with RSV. Virus titers in lung tissue homogenates were determined 4 days after the challenge. The protective effect of intranasal IVIG treatment was similar to that of parenteral treatment but required a dose many times lower. The lungs were protected against infection when antibody was delivered as many as 7 days before virus challenge.
The RSV surface protein responsible for cell-to-cell fusion, designated the F glycoprotein, is highly conserved across different strains belonging to the two antigenic subgroups (A and B) of RSV (6) . Many monoclonal antibodies to the F glycoprotein neutralize numerous RSV strains and have potential as agents for passive immunization of high-risk infants. A number of monoclonal antibodies against the F glycoprotein are protective when delivered intranasally. In a study with cotton rats, eight different monoclonal antibodies against the F glycoprotein were delivered intranasally prior to virus challenge (5). Most protected against challenge when used at doses as low as 0.1 mg/kg. Delivery of two monoclonal antibodies together resulted in an additive effect, with protection occurring at total antibody doses of 0.01 mg/kg. RSHZ19 is a monoclonal antibody under development by SmithKline Beecham for passive immunization of humans (104) . To produce RSHZ19, the DNA coding for the complementarity-determining regions of a mouse monoclonal antibody against F glycoprotein was cloned and expressed within a human variable-region framework. The resulting humanized IgG1 antibody retains the binding properties of the mouse antibody and neutralizes a variety of RSV strains. In a mouse model of RSV infection, intranasal delivery of 25 g of RSHZ19 1 day before challenge completely suppressed RSV replication in the lungs. Replication in the nose was not assessed.
MEDI-493 (palivizumab) is a humanized monoclonal antibody against RSV that was developed by MedImmune, Inc. Although designed for parenteral injection, it could potentially be delivered intranasally as well. After the protective level of circulating MEDI-493 in cotton rats had been determined (45), a small-scale human study showed that monthly dosing with 10 to 15 mg/kg is sufficient to maintain the target level of neutralizing antibody (100) . In a large-scale clinical trial, treatment of high-risk infants with monthly intramuscular injections of 15 mg of MEDI-493 per kg reduced hospitalization for RSV in-fection by 55% compared to placebo-treated controls, a highly significant effect (P Ͻ 0.001) (44) . MEDI-493 was licensed for RSV prophylaxis by the U.S. Food and Drug Administration in June 1998, and is marketed under the trade name Synagis.
HNK20 is a mouse monoclonal IgA antibody against the RSV F glycoprotein and was developed specifically for intranasal passive immunization (111) . The rationale for the development of HNK20 was that delivery of antibody by nose drop to high-risk infants could protect the site of initial infection, preventing subsequent spread of infection into the lungs. IgA was chosen as the preferred isotype since it is dominant in upper-airway secretions and is less likely to elicit inflammatory responses at mucosal surfaces.
HNK20 was chosen from a panel of monoclonal antibodies produced by using lymphocytes from the lungs of RSV-immune mice (111) . The use of lung lymphocytes maximized the production of IgA-secreting hybridomas. HNK20 was found to neutralize a variety of RSV clinical isolates belonging to antigenic subgroups A and B, with a concentration of about 0.1 g/ml being required for a 50% reduction in virus plaque numbers. When HNK20 is delivered intranasally to mice 1 to 24 h prior to RSV challenge, virus titers in lung homogenates 4 days later are reduced by up to 2 log 10 units. The reduction is maximal when a dose of 0.5 mg/kg is used. Virus titers in nasal tissue homogenates are reduced if antibody is delivered 1 h, but not 24 h, prior to virus challenge (111) .
While rodent models have been useful for demonstrating the protective effects of mucosal antibody against RSV, they are less useful for examining the proximal spread of infection within the respiratory tract, because the antibody and virus are generally delivered to the entire respiratory tract. To examine the effect of HNK20 on virus spread from the upper to the lower respiratory tract, we developed a rhesus monkey model of RSV infection (114) . In this model, the virus inoculum is delivered in small-volume nose drops (125 l per nostril) to replicate natural RSV infection of the upper respiratory tract. The monkeys are only lightly sedated during delivery to maintain the gag reflex and prevent aspiration of the inoculum into the lower airways. HNK20 or placebo is delivered in the same manner to mimic nose drop treatment of human infants.
This model was used to test the protective effect of daily HNK20 nose drop treatment (114) . The monkeys (six per group) received daily treatments with one of several doses of HNK20 or saline control for 2 days. On the third day, antibody treatment was omitted and intranasal RSV challenge was given instead. On the day after challenge, the daily HNK20 or placebo treatment was resumed and continued for the next 3 days. Nose and throat swab specimens were collected daily, and the RSV titers were determined. In control animals, the virus was first detected in nose and throat samples within 1 to 2 days after challenge, and the levels peaked at 5 log 10 units/ml after 6 days (Fig. 2) . The virus was almost undetectable in monkeys treated with the highest dose of HNK20 (0.5 mg/kg), while lower doses had intermediate effects. Bronchoalveolar lavages were performed every 3 to 4 days following challenge. The mean virus titer in lavage fluid from control monkeys reached 3.5 log 10 units/ml, while no virus was detected in lavage fluid from monkeys treated with the highest dose of HNK20 (Fig. 2) . All the monkeys developed neutralizing serum antibody to RSV and were resistant to rechallenge 50 days later.
FIG. 2. Mean RSV titers in nasal swab (A), throat swab (B)
, and bronchoalveolar lavage (C) specimens collected from monkeys for 14 days after intranasal virus challenge. The monkeys were treated with nose drops containing 0.2, 0.5, or 2.5 mg of monoclonal IgA HNK20 or an equal volume of phosphate-buffered saline (PBS) placebo. The treatments were given once daily for 2 days before and 4 days after virus challenge, as indicated by the arrows. Samples in which no virus was detected (less than 1 log 10 unit/ml) were assigned a titer of 0.5 log 10 unit/ml. Reprinted from reference 114 with permission of the publisher.
Analysis of the HNK20 concentration in samples of mucosal secretions collected in this and other experiments suggests that protective levels of antibody are maintained in the nose for over 24 h after treatment (Fig. 3) . HNK20-treated monkeys developed antibody to mouse IgA in serum and secretions, but this did not significantly affect the rate of HNK20 clearance from mucosal secretions. HNK20 was equally effective in naive and HNK20-immunized monkeys in an experiment in which antibody was delivered intranasally 1 h before RSV challenge (unpublished data).
PASSIVE NASAL IMMUNIZATION STUDIES WITH HUMANS
Common respiratory viruses of humans include influenza A and B viruses, RSV, parainfluenza virus types 1 to 4, adenoviruses, rhinoviruses, enteroviruses, and coronaviruses. The effectiveness of passive mucosal immunization against these different viruses is determined by factors such as the site of infection, the pathogenesis and severity of disease, and the extent of antigenic variation among the virus strains. RSV, which initiates infection in the nasopharynx, may be susceptible to nose drop delivery of antibody, while influenza virus, which infects the lower respiratory tract directly, would most probably require aerosol delivery of antibody (although nose drop treatment might reduce upper-airway symptoms and virus transmission). Parainfluenza viruses behave more like RSV, although only type 3 is associated with severe lower respiratory tract disease (19) . The major cold viruses, particularly rhinoviruses, could potentially be prevented by nose drop treatment, but the self-limiting nature of the disease would have to be weighed against the cost of treatment in determining the value of treatment, and application may have the greatest value in high-risk individuals (e.g., asthmatics). Moreover, passive immunization against these viruses with virus-specific neutralizing antibodies is impractical due to the profusion of antigenic types (particularly for rhinoviruses).
Timing of treatment is another important consideration. Because of ciliary clearance of mucosal surfaces, passive mucosal immunization of the respiratory tract would be short-lived, particularly in the nose. Thus, a regimen of frequent, perhaps daily, treatments would be required. For prevention of respiratory tract infections by RSV or parainfluenza virus type 3, prophylactic nose drop treatment would be justified, given the severity of the disease, its seasonality, and the fact that highrisk individuals can be identified. For other viruses, antibody prophylaxis might be appropriate when an individual is at higher than usual risk for infection, such as occurs during a virus outbreak or exposure to others with known viral infections.
Immunoglobulin Treatment
A number of studies have examined prophylaxis with intranasally delivered antibody in humans (Table 2) . Buthala et al. tested whether intranasal treatment with gamma globulin would reduce upper respiratory infection or disease in volunteers challenged with coxsackievirus A-21, an enterovirus that causes cold-like symptoms in adults (17) . Seronegative subjects were divided into two groups of 10 for nose drop treatment with gamma globulin (containing virus-neutralizing activity with a titer of 1:1,024) or placebo. The subjects received six daily treatments of 0.3 ml per nostril, starting 1 day before virus challenge and continuing until 4 days after challenge. There was an interval of 1 to 2 h between challenge and treatment. During the 15 days following challenge, the symptoms and signs of respiratory tract infection were lower in gamma globulin-treated subjects than in placebo-treated subjects, but the differences were not statistically significant. Significant differences were found in the volume of nasal secretions and in body temperature. The peak virus titer in nasal washes was delayed and somewhat lower in the gamma globulin-treated subjects.
A similar study was carried out to determine whether intranasal gamma globulin treatment protects against influenza A virus challenge (27) . Human gamma globulin (with a hemagglutination inhibition titer of 1:20) or albumin placebo was delivered by aerosol to volunteers. The volunteers were treated twice, once orally and once nasally, with each treatment delivering 3 ml of aerosolized liquid. The influenza virus challenge was delivered intranasally 1 h after the second aerosol treatment. Of 32 placebo recipients, 12 developed signs or symptoms or illness, while 3 of 16 gamma globulin recipients became ill. The seroconversion rate, as a measure of virus infection, was also lower in the gamma globulin-treated subjects. None of the differences, however, were statistically significant.
More recently, a human globulin product containing mainly IgA (IgAbulin) has become available. Two studies have tested whether nasal treatment with this human IgA product prevents upper respiratory tract infection in athletes. In one study, 15 members of the Swedish cross-country ski team self-administered IgA in a nasal spray at least twice daily for 17 days during the 1992 winter Olympic games (41) . None of the skiers developed apparent respiratory tract infection during this period. A control group of skiers was not included in the study, but over the same period, 9 of 19 team coaches developed respiratory tract infections. During a competition the preceding year, 5 of 13 skiers and 4 of 12 coaches developed respiratory tract infections in the absence of IgA treatment. A similar study, using canoeists as test subjects, found no significant reduction in upper respiratory tract infections following prophylactic nose drop treatment with IgA (52) .
Two recent studies have shown the value of IgAbulin for intranasal passive immunization of children against respiratory tract infections. In one study, children were treated twice each day for 90 days with nose drops containing IgA or albumin placebo (28) . Upper respiratory tract infections were significantly reduced in IgA recipients on days 0 to 30 (P Ͻ 0.012) and days 30 to 60 (P Ͻ 0.0036) of treatment. In the second study, children were randomized into two groups of 20 to receive nasal spray treatment with IgA or human albumin placebo for 8 weeks during the winter (37) . A volume of 0.2 ml (containing 9 mg of antibody or 4 mg of albumin) was given twice per day, divided between the two nostrils. Parents recorded symptoms of upper respiratory tract infection daily. Over the treatment period, children receiving IgA experienced 42% fewer days with rhinitis (etiology undefined) than did children receiving placebo, a significant difference (P ϭ 0.004). The children were also monitored for an additional 8 weeks after the treatment had ended. During this period, there was no difference in the frequency of rhinitis between the two groups. These important studies provide the best evidence to date that prophylactic nasal antibody treatment is both practical and effective.
Monoclonal Antibody Treatment
Rhinoviruses are the most frequent cause of the common cold. While over 100 serotypes of rhinovirus have been identified, 90% of them use intercellular cell adhesion molecule 1 (ICAM-1) to bind to host cells (24) . Blockage of the interaction of virus with this cellular receptor provides a potential avenue for prophylaxis that is independent of serotype. A murine IgG1 monoclonal antibody developed against ICAM-1 prevented infection of cultured cells by multiple serotypes of rhinovirus (21) . In chimpanzees, nose drop delivery of 250 g of this antibody, termed rhinovirus receptor monoclonal antibody (RRMA), prior to intranasal challenge with rhinovirus reduced the antibody response to the virus, suggesting reduced replication (22) .
Two placebo-controlled clinical studies of RRMA were reported in 1988 (36) . In the first study, 15 subjects were treated every 8 h for 3 days with nose drops containing 15 g of RRMA. Another group of 15 subjects was treated similarly with placebo. Rhinovirus challenge was administered twice on the second day, each time 1 h after antibody treatment. Neither virus shedding nor development of illness over the following days was affected by RRMA treatment. As a result, the dose and frequency of RRMA treatment were increased in a second study. In this study, 10 intranasal treatments with 100 g of RRMA or placebo were given at 1-h intervals before and just after rhinovirus challenge. Additional treatments were given at 6-h intervals for the following 36 h. Although there was no difference between the two groups in the rate of infection, several beneficial effects were attributable to RRMA treatment, including delays in onset of virus shedding and illness and reductions in symptoms and nasal mucus production. This study helped lay the groundwork for more recent work in which receptor interaction was blocked by intranasal treatment with soluble forms of ICAM-1 (43, 54) .
Nose drop prophylaxis with murine IgA monoclonal antibody HNK20 has been tested in clinical studies. HNK20 was shown to be free of adverse effects in small-scale trials involving daily intranasal administration to adults, to healthy infants, and to high-risk infants. An in-patient study was conducted to assess the prophylactic activity of HNK20 in normal adult volunteers who were challenged intranasally with wild-type RSV subgroup A virus 1 h after administration of the first dose of study medication. During the phase of acute virus infection (days 5 to 8 days after challenge), mean daily virus shedding was lower in HNK20-treated subjects than in placebo-treated subjects.
A controlled clinical trial was subsequently conducted with more than 600 infants with risk factors for severe RSV in Australia, New Zealand, Argentina, and South Africa. When the entire study population was considered, treatment with HNK20 did not result in a significant decrease in the incidence of hospitalization for RSV lower respiratory tract infection. However, among infants younger than 4 months at study entry (younger than 7 months of age throughout the winter), treatment with HNK20 was associated with a 42% reduction in RSV hospitalization. Since the trial was not powered to detect differences in subgroups and since only 30% of the total number of subjects were in the younger-than-4-month age group, these differences in RSV hospitalization showed statistical trends only.
POTENTIAL FOR THERAPEUTIC NASAL ANTIBODY TREATMENT TO REDUCE DISEASE
Once a viral respiratory infection has established itself, intranasal administration of a specific antibody might limit the progression of infection by neutralizing virus particles as they are released from infected cells. This, in turn, might shorten the course of infection. Animal studies show that intranasal passive immunization can reduce further replication of virus in the respiratory tract, but it is not clear whether this translates into a reduction in disease, since the host immune response can continue to cause tissue damage.
In animal studies, RSV infection has been the primary target for therapeutic intranasal passive immunization. These studies show that intranasal delivery of neutralizing antibody, either IVIG or monoclonal antibody, reduces RSV replication in the lungs of cotton rats and mice when delivered 1 to 5 days after virus challenge (5, 25, 29, 78, 79, 104, 111, 116) . The effect of therapeutic treatment is similar to that of prophylactic treatment, although somewhat higher doses of antibody are required. However, there is little information about the effect of therapeutic treatment on disease. In a study in which monoclonal antibody RSHZ19 was delivered parenterally 3 days after RSV infection of cotton rats, histopathologic testing showed that lung damage was reduced in treated animals (116) . In another study, parenteral IVIG reduced lung damage if delivered 1 day, but not 5 days, after infection, even though the virus levels were reduced in both instances (29) .
In humans, therapeutic passive immunization against respiratory viruses would be started after the appearance of disease symptoms. The animal experiments described above suggest that passive immunization against an acute viral infection at this stage may be too late to reverse the disease process, even if virus replication is reduced. This conclusion is supported by human studies in which parenteral delivery of IVIG or RSVIG for RSV lower respiratory tract infection had no effect on the subsequent length of hospitalization (40, 90, 91) .
A more effective approach might be treatment combining antibody to reduce virus replication with an agent to reverse the inflammatory response resulting from infection. Prince and Porter (83) tested this strategy for prevention of disease due to parainfluenza virus type 3 infection in cotton rats. Pulmonary inflammation in cotton rats following infection with parainfluenza virus type 3 was greatly reduced by intranasal treatment with the glucocorticosteroid triamcinolone acetonide, but virus titers in lung homogenates rose 10-fold. Intranasal IVIG treatment reduced the pulmonary titers of virus but had no effect on histopathologic findings. A combination of the two agents maintained the beneficial aspects of each such that inflammation and virus titers were both reduced.
CONCLUSIONS
The lack of success with vaccination or antiviral drug development against a number of respiratory viruses, as well as the emergence of new viruses, has led to renewed interest in prophylactic passive immunization. Intranasal antibody prophylaxis has shown great promise against viral respiratory tract infections in animals and is just beginning to show clear efficacy in human clinical studies. The marginal effects of nasal antibody treatment in some trials may be the result of low levels of virus-specific antibody in the Ig preparations used in many of these studies. This problem can be addressed, as it was for parenteral RSV antibody prophylaxis, by screening plasma donors to increase the titer of virus-neutralizing activity in IgG preparations. The effectiveness of intranasal antibody treatment might also be enhanced by using monoclonal antibodies and formulations optimized to maintain high levels of antibody in the nasal compartment. Monoclonal antibodies offer many advantages including high specific activity, purity, and ease of manufacture, and clinical studies indicate that prophylactic nasal delivery of monoclonal antibodies is both safe and practical. Further clinical studies are required to determine whether nasal prophylaxis with serum-derived or monoclonal antibodies will prove to be effective at an acceptable cost and treatment frequency.
Evidence to date suggests that once symptoms of respiratory tract disease manifest themselves it may be too late for antibody treatment to alter the course of illness. Treatment with antibody plus an anti-inflammatory agent may be an effective alternative approach for passive therapeutic immunization.
